Magnetic Effects in the Paraxial Regime of Elastic Electron Scattering by Edström, Alexander et al.
Magnetic Effects in the Paraxial Regime of Elastic Electron Scattering
Alexander Edström,1 Axel Lubk,2 and Ján Rusz1
1Department of Physics and Astronomy, Uppsala University, Box 516, 75121 Uppsala, Sweden
2Triebenberg Laboratory, Technische Universität Dresden, Germany
(Dated: October 15, 2018)
Based on a recent claim [Phys. Rev. Lett. 116, 127203 (2016)] that electron vortex can be used
to image magnetism at the nanoscale in elastic scattering experiments, using transmission electron
microscopy, a comprehensive computational study is performed to study magnetic effects in the
paraxial regime of elastic electron scattering in magnetic solids. Magnetic interactions from electron
vortex beams, spin polarized electron beams and beams with phase aberrations are considered, as
they pass through ferromagnetic FePt or antiferromagnetic LaMnAsO. The magnetic signals are
obtained by comparing the intensity over a disk in the diffraction plane for beams with opposite
angular momentum or aberrations. The strongest magnetic signals are obtained from vortex beams
with large orbital angular momentum, where relative magnetic signals above 10−3 are indicated for
10~ orbital angular momentum, meaning that relative signals of one percent could be expected with
the even larger orbital angular momenta, which have been produced in experimental setups. All
results indicate that beams with low acceleration voltage and small convergence angles yield stronger
magnetic signals, which is unfortunately problematic for the possibility of high spatial resolution
imaging. Nevertheless, under atomic resolution conditions, relative magnetic signals in the order
of 10−4 are demonstrated, corresponding to an increase with one order of magnitude compared to
previous work.
I. INTRODUCTION
Nanoengineering of magnetic materials allows for
miniaturization of magnetic technology, design of nanos-
tructures with new or improved properties as well as
exploration of novel aspects of fundamental phenom-
ena. A complete understanding of magnetic systems
at the length scales relevant in modern technologies re-
quires readily available characterization methods capable
of reaching high spatial resolution, down to the atomic
distances. The use of circularly polarized X-rays, avail-
able in synchrotron facilities, allows for element spe-
cific imaging of magnetism with resolution down to ap-
proximately 10 nm in so called X-ray magnetic circular
dichroism1–3 (XMCD) experiments. The discovery of an
electron equivalence to XMCD, electron magnetic chiral
dichroism4 (EMCD) opened up new possibilities to ob-
serve magnetism in the transmission electron microscope
(TEM), potentially allowing spatial resolution well below
the Ångström regime5 in scanning TEM (STEM) mode.
EMCD, however, suffered from low signal-noise ratio
(SNR) but gained renewed attention with the discov-
ery of electron vortex beams6–8, i.e., electron beams with
well defined orbital angular momentum (OAM), which
also facilitate an EMCD signal in electron energy loss
(EELS) experiments7. Later it was shown that vortex
beam EMCD can only be observed at atomic resolution9
and it remains technologically challenging to perform
such experiments with convincing and reproducible ex-
perimental results, although new breakthroughs might
be expected with further improvements in atomic size
vortex beam generation10.
In EMCD experiments the magnetic signal appears in
a part of the EELS spectrum where merely a small frac-
tion of the scattered electrons are found, making the sig-
nal weak. Magnetic effects should, however, also appear
in the elastic scattering regime and albeit previous sug-
gestions that such effects are very weak11,12, it was re-
cently shown in computational work13 that electron vor-
tex beams carrying tens of quanta of angular momen-
tum should yield a magnetic signal in elastic scattering,
which is deemed feasible to detect with modern tech-
nology. This appears promising considering that vortex
beams with as much as hundreds of ~ of OAM have been
produced8,14. The magnetic signal is observed as a dif-
ference in the intensity distribution of electrons in the
diffraction plane for opposite OAM beams, and will in the
forthcoming be termed OAM magnetic signal. Applying
the same analysis to the signal of oppositely spin polar-
ized beams, which is referred to as spin magnetic signal
in the following, is of great interest for the emerging de-
velopment of spin polarized TEM technology15. Further
understanding of these phenomena and how to best de-
tect such magnetic signals in experiments requires a more
comprehensive study as will be presented in this work,
where a discussion of the relevant theory and computa-
tional methods is first provided in Sec. II. In particular,
the paraxial Pauli equation with relativistically corrected
kinetic energy used is derived in Sec. IIA while its solu-
tion by a multislice approach is discussed in Sec. II B.
The description of the magnetism in a magnetic solid,
which is required and here obtained from first-principles
electronic structure theory calculations, is provided in
Sec. IID. A comprehensive study of the OAM and spin
magnetic signals and how they depend on various beam
parameters, including acceleration voltage, convergence
angle and angular momentum, are then provided for the
ferromagnetic compound FePt in Secs. III A-III B. The
case of anti-ferromagnet LaMnAsO is also considered in
Sec. III C. The previous work13 suggested that an exper-
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2imentally measurable magnetic signal was only obtain-
able with large OAM beams, which unfortunately hinders
the possibility of high resolution STEM imaging because
large OAM also results in large beam dimensions. One
important question to be addressed is therefore whether
more beneficial conditions can be found, e.g., by varying
the beam parameters, in order to allow for atomic reso-
lution magnetic measurements with the suggested tech-
nique.
In electron vortex beams the OAM manifests itself
as a phase winding such that ψl(r) ∼ eilφ, resulting
in an OAM of l~, where l is an integer. Recently,
it was suggested16,17 and subsequently experimentally
corroborated18, that this is merely one of many types of
phase distributions which can result in a magnetic inter-
action in inelastic scattering EMCD experiments. Alter-
natives correspond to beam aberrations that can be con-
trolled in modern aberration corrected (S)TEMs, thereby
opening new paths towards high resolution imaging of
magnetism. The possibility of magnetic signals based
on aberrated beams also in elastic scattering is thus ex-
plored in Sec. IIID. For further insight into whether the
discussed effects are realistic to observe in experiments a
final Section III E presents a discussion regarding possible
noise and errors.
II. THEORY AND METHODOLOGY
A description of the elastic scattering of fast electrons
with wave vector k travelling along the z-direction in an
electrostatic potential V (r), is often based on the parax-
ial Schrödinger equation19
∂
∂z
ψ(r) = i
(
1
2k∇
2
xy +
meV (r)
~2k
)
ψ(r), (1)
for the envelope wave function ψ(r) related to the com-
plete wave function ψf(r) = ψ(r)eikz. Here m = γm0
is the relativistically corrected mass, −e is the electron
charge, ~ the reduced Planck’s constant and ∇2xy is the
two-dimensional Laplacian. In the paraxial regime,∣∣∣∣∂2ψ∂z2
∣∣∣∣ ∣∣∣∣k∂ψ∂z
∣∣∣∣ , (2)
Eq. 1 provides a well established and accurate descrip-
tion of elastic scattering processes19. As it is a first order
equation in z it can be solved, for example, through mul-
tislice algorithms, where the solution is computed slice
by slice from the knowledge of the initial wave function
at z = 0. The input required about the system of in-
terest is the electrostatic potential, V (r), which can be
obtained, e.g., via tabulated values19 or from calculations
based on electronic structure theory20. However, Eq. 1
neglects magnetism as it does not consider the spin and
orbital angular momentum of the electron beam nor the
magnetic fields in the scatterer. With the development
of electron vortex beams and spin polarized electron mi-
croscopes the effects of magnetism in electron scatter-
ing processes are of increasing relevance. Therefore, in
the coming Sections, IIA-IID, a paraxial equation, which
takes into consideration magnetic effects, will be derived
from a relativistically corrected Pauli equation. The rel-
ativistically corrected form of the Pauli equation can be
obtained from a squared form of the Dirac equation by
neglecting certain effects, such as spin-orbit coupling. A
multislice solution to this equation is then presented and
a description of the magnetic fields in a solid will be dis-
cussed. In Sec. II C a brief discussion is given regarding
effects expected in a constant B-field.
A. Paraxial Pauli Equation
The time-independent Pauli equation reads[
1
2m [σ · (pˆ + eA(r))]
2 − eV (r)
]
Ψf(r) = EΨf(r) (3)
where pˆ = −i~∇ is the momentum operator, A is the
vector potential and σ = (σx, σy, σz) contains the Pauli
matrices
σx =
(
0 1
1 0
)
, σy =
(
0 −i
i 0
)
, σz =
(
1 0
0 −1
)
. (4)
We are considering an elastic process with energy
E = h
2
2mλ2 =
~2k2
2m , (5)
where k is the wave vector of the incoming electron and
λ = 2pi|k| =
2pi
k its wavelength. Both mass and wavelength
are relativistically corrected according to Fujiwara11 so
m = γm0 and λ = hc√(m0c2+T )2−m20c4 , with h and c being
Planck’s constant and the speed of light. T is the ki-
netic energy which is typically expressed in terms of the
acceleration voltage Vacc, i.e., T = eVacc.
Ψf(r) =
(
ψf↑(r)
ψf↓(r)
)
(6)
is the two component wave function with a spin up (↑)
and a spin down (↓) part. For fast incoming electrons
with wave vector (0, 0, k), it is suitable to use the ansatz
Ψf(r) = eikzΨ(r) = eikz
(
ψ↑(r)
ψ↓(r)
)
(7)
so that ψ↑↓(r) are slowly varying with z, k is large and∣∣∣∣∂2ψ↑↓∂z2
∣∣∣∣ ∣∣∣∣k∂ψ↑↓∂z
∣∣∣∣ . (8)
In Coulomb gauge, ∇·A = 0 (which is used throughout
this work), the momentum part, [σ · (pˆ + eA(r))]2, of
Eq. 3 is equivalent to(−~2∇2 − 2i~eA · ∇+ e~σ ·B + e2A2)Ψf, (9)
3where the magnetic flux density B = ∇ × A has been
introduced. In the following the term proportional to A2
is neglected as it is small compared to all other terms12.
From the Dirac equation21 a term proportional to V 2,
related to the A2 term, would also appear and both
would in principle be straight forward to include here but
would only provide minor quantitative corrections. Fur-
thermore, these terms are diagonal in spin space and do
not couple to orbital angular momentum whereby they
should not be important for the effects which are in focus
of this work. The gradient operator yields
∇ψf↑↓ = eikz
(
∂
∂x
,
∂
∂y
,
∂
∂z
+ ik
)
ψ↑↓ (10)
and similarly the Laplacian equates to
∇2ψf↑↓ = eikz
(
∇2xy +
∂2
∂z2
+ 2ik ∂
∂z
− k2
)
ψ↑↓. (11)
Neglecting the term containing the second derivative with
respect to z according to Eq. 8 and rearranging, Eq. 3
becomes
∂
∂z
(
ψ↑(r)
ψ↓(r)
)
= im
~
(~k + eAz)−1
{
~2
2m∇
2
xy +
ie~
m
Axy · ∇xy − ~keAz
m
− e~2mσ ·B + eV
}(
ψ↑(r)
ψ↓(r)
)
≡ Hˆ
(
ψ↑(r)
ψ↓(r)
)
,
(12)
which, upon setting A = B = 0, reduces to the parax-
ial Schrödinger equation in Eq. 1 for each of the spin
components.
Eq. 12 is a matrix equation, where each term on the
right hand side is diagonal except the σ ·B term, which
includes off-diagonal contributions proportional to Bx ±
iBy. Spin flip effects are therefore only caused by the
x- and y-components of the B-field whereby such effects
are expected to be stronger for magnetizations parallel
to the xy-plane as has been suggested before22 and will
be further discussed in Sec. III B
B. Multislice Solution
In order to numerically integrate Eq. 12, formally writ-
ten as
∂ψ
∂z
= Hˆψ, (13)
a multislice method19 is applied. There are a number
of different such methods, including the conventional
method23, invoking Fourier transforms or the real space
version24 where the propagator is computed via a se-
ries expansion of the exponential function. Here the real
space version will be used as it has been reported to ef-
ficiently yield high numerical precision25 and is easy to
generalize from the Paraxial Schrödinger equation to the
Paraxial Pauli equation presented in Eq. 12. That the
real space version of the multislice algorithm does not
require periodicity in the xy-plane is also important as
it will be necessary to include non-periodic vector poten-
tials as discussed further in Sec. IID and Appendix A.
The first step in this approach is to note that the formal
solution to Eq. 13 is
ψ(x, y, z + ∆z) = Zˆ{e
∫ z+∆z
z
Hˆ(x,y,z′)dz′}ψ(r) (14)
where Zˆ is Dyson’s path ordering operator for the
variable z needed when the Hˆ(x, y, z′) operators
do not commute for different z′. With hˆ =
Zˆ 1∆z
∫ z+∆z
z
Hˆ(x, y, z′)dz′, the exponential can be ex-
panded:
ψ(x, y, z + ∆z) =
∞∑
n=1
∆zn
n! hˆ
n(r)ψ(r). (15)
For thin enough ∆z the series in Eq. 15 will converge
with a small number terms and can be truncated with
suitable numerical accuracy and furthermore hˆ ≈ Hˆ.
C. Interactions with a Constant B-Field
The spin and orbital angular momentum operators are
Sˆ = ~2σ and Lˆ = r× pˆ = −i~r×∇ (16)
and the relevant part of the Hamiltonian discussed in
Sec. IIA, which describes the magnetic interactions be-
tween the electron beam and the sample is
Hˆmag =
ie~
m
Axy · ∇xy − e
m
Sˆ ·B. (17)
If the magnetic field is a constant along the z-direction,
then as detailed in Sec. IID, in the Coulomb gauge
A = 12B× r, (18)
4yielding
Hˆmag = − e
m
A · pˆ− e
m
Sˆ ·B =
= − e2m
(
(B× r) · pˆ + 2Sˆ ·B
)
=
= − e2m
(
(r× pˆ) ·B + 2Sˆ ·B
)
=
= − e2m
(
Lˆ + 2Sˆ
)
·B. (19)
This expression elucidates how not just the spin but also
orbital angular momentum of the beam will couple to
the magnetic field with a strength proportional to the
angular momentum. It is also clear that a similar magni-
tude of magnetic effect is expected from spin and orbital
angular momentum. However, the spin of the electron is
fixed while orbital angular momentum of an electron vor-
tex beam can be deliberately increased by beam shaping
techniques. and, furthermore, varies significantly as the
beam scatters through a crystal9,26. In a magnetic mate-
rial this term will be significant if the beam carries large
angular momentum, which is possible with electron vor-
tex beams8,14,27. According to the discussion in Sec. IID
the magnetic fields in a solid will be described as the
sum of a periodically varying part and a uniform part re-
lated to the saturation magnetization. For a beam with
size significantly larger than a unit cell, the interaction
with the uniform part is expected to dominate and a pro-
portionality is expected between angular momentum and
magnetic interaction, while in the atomic resolution limit
the behaviour should be different. This is also in agree-
ment with the results of recent numerical simulations13.
Eq. 19 also permits a discussion of the precession of
a spin vector in a magnetic field, which is relevant in
Sec. III B, where a situation with FePt magnetized in the
x-direction is considered. The Hamiltonian for a spin in
a constant magnetic field in the x-direction, B = Bxˆ is
HˆB = B · µ = BµBσx (20)
and as Eq. 12 has the same structure as a 2D time-
dependent Pauli equation, the z-evolution of the expec-
tation value of the Pauli spin vector is
d
dz 〈σ(z)〉 = i
m
~2k
〈[H,σ]〉 (21)
= 2BµBm
~2k
(0,−〈σz(z)〉 , 〈σy(z)〉) ,
i.e., a spin originally parallel to the magnetic field will
remain stationary while a spin pointing in another direc-
tion will rotate about the magnetization direction.
D. A and B in a Magnetic Solid
In order to use Eq. 12 for simulating magnetic scat-
tering of electrons a realistic description of the magnetic
vector potential A and the corresponding flux density B
is needed. In this work, crystalline magnetic solids will
be considered but as brought up in the Appendix A, even
in a periodic system, A is in general non-periodic regard-
less of gauge choice. Only when the volume average of
B vanishes, as it does in an antiferromagnet, the vector
potential can be made periodic. This leads to a natu-
ral decomposition of the vector potential in a periodic
(Ap) and a non-periodic (Anp) part, i.e., A = Ap + Anp
which corresponds to a decomposition of the magnetic
flux density B into a periodic but spatially non-uniform
part with volume average zero (Bp) and a uniform part
(Bavg), which is the volume average of the field, with the
total field being B = Bp + Bavg. These fields can now
be related according to
Bavg = ∇×Anp (22)
and
Bp = ∇×Ap. (23)
Furthermore, in Coulomb gauge Eq. 22 is easily inverted
to obtain
Anp =
1
2Bavg × r. (24)
Since Bavg is the volume average of the magnetic flux
density, in a magnetic material with no externally applied
fields it is simply Bavg = µ0M, where M is the magne-
tization of the material. How to obtain a microscopic
description of Bp and Ap from first principles electronic
structure theory is discussed in the following. The same
procedure was applied in recent preceding work13.
From electronic structure theory, e.g., using density
functional theory (DFT), one can obtain the magneti-
zation density as a vector field from the spin-resolved
density matrix ρ(r) according to
m(r) = µB〈σ〉 = µBTr[ρ(r)σ] = (25)
= µB
(
2Re
(
ψ∗↑ψ↓
)
,−2Im (ψ∗↓ψ↑) , ρspin)
where ρspin = |ψ↑|2 − |ψ↓|2 is the spin density projected
on the spin quantization axis, here chosen to be the z-
axis. Via a Gordon decomposition21,28 it is possible to
calculate the spin current density
jS(r) = ∇×m(r) (26)
and in the further considerations the orbital current den-
sity is neglected as we focus on ferromagnetic transition
metals with magnetism dominated by the spin, so the in-
dex S is dropped in the notation of current density. From
the current density, the periodic part of the magnetic vec-
tor potential Ap is given by the Poisson equation, since
Maxwell’s equations tell us that
∇×B = µ0j (27)
but
∇×B = ∇× (∇×A) = ∇(∇·A)−∆A = −∆A, (28)
5in Coulomb gauge (∇ ·A = 0), so
∆A(r) = −µ0j(r). (29)
Clearly, ∆Anp = 0 (as the second derivatives of Eq. 24
are all zero) whereby Eq. 29 reads
∆Ap(r) = −µ0j(r). (30)
and Ap can be obtained by solving the Poisson equation
with periodic boundary conditions. A unique solution
additionally requires knowledge of the value of the vec-
tor potential at some point or its volume average, which
can be set to an arbitrary value by the remaining gauge
freedom29. Finally, Bp is easily calculated from Eq. 23.
This procedure uniquely determines A and B, given the
density matrix. Furthermore, the fields have been con-
structed so that B fulfills Maxwell’s equations with phys-
ical boundary conditions (periodicity with a volume av-
erage corresponding to µ0M) and so that A fulfills its
defining equation and Coloumb gauge.
Finally, it is noted that some simplifications occur in
the case of collinear magnetism with zˆ defining the spin
quantization axis. The magnetization density in Eq. 25
then simplifies to
m(r) = µBρspinzˆ, (31)
so the current density in Eq. 26, and hence also A, has
non-zero x- and y-components only. Therefore the Pois-
son equation needs to be solved only in two dimensions,
independently for each value of z, which simplifies the
numerical work. The result of this methodology applied
to ferromagnet FePt and antiferromagnet LaMnAsO will
now be presented.
1. FePt
FePt in the tetragonal L10 structure is a ferromag-
netic material with lattice parameters a = 2.71 Å and
c = 3.72 Å30 and a Curie temperature in the vicinity of
700 K30, which has gained much attention, for example,
due to its large magnetocrystalline anisotropy30,31.
Fig. 1a) shows one unit cell of FePt with planes at
z = 0, z = c8 , z =
c
4 , z =
3c
8 and z =
c
2 . The spin den-
sity of this FePt structure was computed in a collinearly
spin polarized DFT calculation using the full-potential
linearized augmented plane wave (FP-LAPW)32 method
in the generalized gradient approximation (GGA)33. Cal-
culations were performed with the experimental values of
the lattice parameters. Such calculations produce a mag-
netic moment of 2.93µB on the Fe atom and a smaller
induced moment of 0.37µB on the Pt atom, which corre-
sponds to a saturation magnetization of µ0M = 1.38 T,
in good agreement with the experimentally reported
value of 1.36 T34. In the left column of Fig. 2 the spin
density is shown in the planes indicated in Fig. 1a). The
remaining columns in Fig. 2 show the x-component of
Fe
Pt
z=0z=c/8z=c/4z=3c/8z=c/2
z=0
z=0.16c
z=c/4
z=0.34c
z=c/2
Mn
AsLa
O
Figure 1: One a× a× c sized unit cell of a) FePt in the
L10 structure with planes at z = 0, z = c8 , z =
c
4 , z =
3c
8
and z = c2 and b) LaMnAsO in the tetragonal crystal
structure of space group p4/nmm and planes at z = 0,
z = 0.16c, z = c4 , z = 0.34c and z =
c
2 .
Ap, the x-component of Bp and finally the z-component
of Bp, respectively. The z-component of Ap is zero be-
cause collinear magnetism is considered and as a result
of the crystal symmetry, the y-components of Ap and
Bp are the same as the x-components but rotated by 90◦
about the z-axis. The shape of the z-component of Bp
c/
2
0 Å-3 6 Å-3 ±5 ÅT -6 T 70 T±20 T
3c
/8
c/
4
c/
8
ρspin
z=
0
Ax BzBx
Figure 2: Spin density, x-component of the Ap-field,
x-component of Bp-field and z-component of Bp in a
unit cell of L10 FePt from the procedure described in
the text.
is very similar to the spin density, but even though only
6collinear magnetism with a magnetisation density along
the z-direction is taken into account, Bp has non-zero x-
and y-components in contrast to m(r). Together with
the constant saturation field Bavg = µ0M zˆ, and the non-
periodic part Anp = µ0M×r = µ0M (−y, x, 0), the fields
in Fig. 2 are used as input in Sec. IIIA and Sec. III B.
2. LaMnAsO
In Sec. III C the antiferromagnetic compound LaM-
nAsO in tetragonal crystal structure (space group
p4/nmm) with lattice parameters a = 4.114 Å and c =
9.030 Å35, illustrated in Fig. 1b), is studied. This ma-
terial has two antiferromagnetically coupled Mn atoms
with crystallographic positions (0, 0, 0) and
( 1
2 ,
1
2 , 0
)
,
i.e. the different columns (in z-direction) of Mn atoms
have antiparallel spins while the different planes have
parallel spins, whereby magnetic STEM imaging over
the xy-plane should be able to distinguish the differ-
ent Mn columns. The additional atoms are As at( 1
2 , 0, 0.1684
)
and
(
0, 12 , 1− 0.1684
)
, La at
(
0, 12 , 0.3674
)
and
( 1
2 , 0, 1− 0.3674
)
and O at
(
0, 0, 12
)
and
( 1
2 ,
1
2 ,
1
2
)
.
The Neel temperature of the compound has been experi-
mentally reported as 317 K36, although more recent work
suggests that this value is due to an impurity whereas
the correct Neel temperature of LaMnAsO should be 360
K37. The magnetic moment of Mn at 2 K is 3.54µB35.
A FP-LAPW calculation in the GGA, with experimen-
tal lattice parameters but computationally relaxed in-
ternal atomic positions yields a magnetic moment on
Mn of 3.51µB, in good agreement with the experimen-
tal value38.
Fig. 3 presents to same type of data as in Fig. 2 but
for LaMnAsO, with the first row showing the spin den-
sity as obtained from the FP-LAPW GGA calculation in
the planes where z = 0, z = 0.16c, z = c4 , z = 0.34c
and z = c2 as illustrated in Fig. 1b). Observations which
can be made in Fig. 3 are similar as in Fig. 2. For ex-
ample, the shape of the B-field is very similar to the
spin density again. Most of the spin density is located
in the plane of the Mn atoms and it can be seen that
also the small induced spin moments on the O atoms are
antiparallel to that on the Mn atoms in the same atomic
columns. Furthermore, it can be seen that even though
both La and As have magnetic moments which are identi-
cally zero, there is a non-zero distribution of spin density
around the atoms, however, as it integrates to zero over
a sphere centered at the atoms, there is a net moment
of zero. Nevertheless, this spin density yields a non-zero
magnetic field around these atoms, which is, however, 2-
3 orders of magnitude weaker than the field around the
Mn atoms.
c/
2
±5 Å -3 ±10 ÅT ±50 T±1 T
0.
34
c
c/
4
0.
16
c
ρspin
z=
0
Ax BzBx
x1
00}
Figure 3: Spin density, x-component of the Ap-field,
x-component of Bp-field and z-component of Bp in a
unit cell of LaMnAsO from the procedure described in
the text, in the planes where z = 0, z = 0.16c, z = c4 ,
z = 0.34c and z = c2 . The numbers in the planes not
containing Mn are multiplied by 100 for visibility.
III. RESULTS
In this section, results of numerical simulations based
on the methodology introduced in the preceding parts
of the text, will be presented. First, results of calcula-
tions for FePt with magnetization parallel (z-direction)
or perpendicular (x-direction) to the propagation direc-
tion are presented in Secs. III A-III B, respectively, and
then results for LaMnAsO are shown in Sec. III C. The
results from calculations with aberrated electron beams
are presented in Sec. IIID. The calculations were per-
formed with the A(r) and B(r) input as presented in
the Sec. IID, while the electrostatic potential, V (r), was
taken from tabulated data19. All electron vortex beams
are generated as disks in reciprocal space, according to
ψl(k⊥, φk) ∼ eilφkΘ(qmax − k⊥), (32)
where k⊥ =
√
k2x + k2y and φk are cylindrical coordinates
and qmax the beam size in reciprocal space, which can
be related to convergence angle, α, and wavelength, λ,
according to qmax = αλ .
7Table I: Table containing the parameter values of the
acceleration voltage Vacc and its corresponding
wavelength, λ, convergence angle, α and OAM, l for
which calculations were performed for the FePt system.
Parameter Values
Vacc (kV) 60 100 200 300 1000
λ (pm) 4.87 3.70 2.51 1.97 0.87
α (mrad) 6 15 30 60
l 0 1 2 4 5 10 20 30
A. FePt with Magnetization Parallel to the
Propagation Direction
Multislice simulations were performed for an FePt sys-
tem with 60 × 60 u.c.2 = 16.26 × 16.26 nm2 in the xy-
directions and thicknesses up to t = 200 u.c. = 74.4 nm
with various combinations of acceleration voltage, Vacc,
convergence angle, α and OAM, l, listed in Table I, where
also the corresponding wavelengths, λ, of the electron
beams are given. Each unit cell was discretized on a
64 × 64 × 32 grid. Parameter combinations with α = 6
and l ≥ 20 were excluded as they result in large beam
size requiring larger supercell sizes. The calculations for
non-zero l were performed with a beam initially spin po-
larized with spin up electrons in the propagation (z) di-
rection, since the OAM magnetic interaction should be
very similar regardless of spin13. The l = 0 calculations
were performed both with spin up and spin down beams
in order to look at spin effects. In Sec. III B we investi-
gate the case where the magnetization direction is per-
pendicular to the beam spin quantization axis instead of
parallel. Calculations were performed for beam position
(x, y) = (0, 0), which is on a column of Fe atoms. For
beams with spatial extent significantly beyond atomic
distances, the beam position is not important13. For
smaller beams the position is important and will be ex-
plored in the context of atomic resolution STEM imaging
later in this section as well as in Sec. III C.
After every unit cell the radial intensity distribution,
i.e. integral of the diffraction pattern over a disk shaped
region up to some maximum collection angle θ, was
computed since the difference between such distributions
for opposite values of OAM yields an OAM magnetic
signal13. Such a signal may be experimentally mea-
sured in the TEM by conventional annular detectors in a
straight forward manner. The magnetic signal can then
easily be studied as function of both collection angles
and thickness for each parameter combination in Table I.
Plots of the OAM magnetic signal as function of the col-
lection angle and sample thickness are shown for some
example parameters, specified in the captions, in Figs. 4.
In all cases one can see a magnetic signal reaching magni-
tudes of order 10−5 varying strongly with both thickness
and collection angle. Some general traits that can be
observed regarding the regions with most magnetic sig-
nal include that higher acceleration voltages moves these
regions to larger sample thicknesses while larger conver-
gence angles spreads out this region over larger collection
angles. Both of these observations are expected because
larger acceleration voltage, roughly speaking, will effec-
tively make the sample appear thinner, while a larger
convergence angle will cause the beam to spread out
more. Still it will most likely be difficult to easily predict
where the largest magnetic signals can be found for a
given set of parameters. Therefore, computational stud-
ies such as that presented here will be an important help
to experimental work attempting to detect such a mag-
netic signal. Another observation in several of the figures,
e.g. Fig. 4f, is that there is a region with relatively large
negative magnetic signal for small collection angles, just
under 10 mrad, while there is a smaller positive signal
spread out over larger collection angles. This behavior
results from the from the predominantly positive mag-
netic coupling term in case of the negative OAM beam
reducing its lateral momentum with respect to the posi-
tive OAM beam possessing a negative magnetic coupling
term. Thus the magnetic field has a tendency to local-
ize the negative OAM beam and delocalize the positive
OAM beam around the propagation axis. Note that at
sufficiently large collection angles the magnetic signal is
expected to go to zero since it is obtained as a differ-
ence between two intensities, which are both normalized
and should approach one at large collection angles. How-
ever, in the plots shown here the collection angles are re-
stricted to 100 mrad for two reasons; firstly for better vis-
ibility of the interesting region with strongest magnetic
signal at rather small collection angles, typically around
25 mrad or smaller, and secondly because the compu-
tational methods used are less accurate for very large
scattering angles, rendering such data less reliable39.
For better insight into how the magnetic signal varies
with a given parameter while keeping others fixed, plots
of the magnetic radial profiles at a fixed thickness of
t = 50 u.c. = 18.6 nm are shown in Fig. 5, varying either
the initial OAM l in Fig. 5a, the acceleration voltage
Vacc in Fig. 5b or the convergence angle α in Fig. 5c,
while keeping the others fixed at values specified in the
captions. Fig. 5a shows an increasing magnetic signal
with large OAM. As has been pointed out before13, with
large OAM and correspondingly large beam size there is
a proportionality between magnetic signal and OAM as
expected also from the discussions in Sec. II C. This is
clearly illustrated in the inset, which shows the magnetic
signal divided by the magnitude of the OAM. For l = 5 or
larger the curves fall almost on top of each other while
the deviation for smaller l is due to the increasing in-
teraction of the localized vortex probe with the periodic
non-uniform part of the magnetic field rather than the
uniform part corresponding to the saturation magnetiza-
tion..
In Fig. 5b one can observe a trend that a stronger mag-
netic signal is obtained with lower acceleration voltages.
It was pointed out previously13 that one possible reason
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Figure 4: OAM magnetic signal, as functions of sample
thickness t and collection angle, θ, for various OAM l,
acceleration voltages Vacc and convergence angles α.
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Figure 5: OAM magnetic signal as function of collection
angle after 50 unit cells of FePt for various beam
parameters. The inset in a) shows magnetic signals
normalized w.r.t. to the OAM, i.e. magnetic signal
divided by l.
magnetic terms in Eq. 1 but not with the electrostatic
potential. As γ increases with Vacc, the magnetic effects
are therefore expected to decrease with larger Vacc. How-
ever, multiplying each of the curves in Fig. 5b with the
corresponding γ (not shown), will only result in a rather
small change with most of the increase in magnetic sig-
nal at smaller Vacc remaining, indicating that this is only
9part of the explanation. As larger acceleration voltages
and faster electrons should effectively make the sample
appear thinner, another part of the explanation for the
increase in magnetic signal with smaller acceleration volt-
age seen here can also be due to the sample thickness
being fixed and hence a thicker sample might be needed
to accumulate the same magnitude magnetic signal for
larger acceleration voltages. Furthermore, the accelera-
tion voltage affects the beam width as a beam with higher
energy will be of smaller spatial extent. It is possible that
this also affects the magnetic signal and that a beam of
larger spatial extent will interact more strongly with the
magnetism in the sample. This idea is supported by look-
ing at Fig. 5c, where the convergence angle α is varied.
Here the trend appears to be that smaller convergence
angles, i.e. larger beam sizes, yields a stronger magnetic
signal. Unfortunately, this is inauspicious for atomic res-
olution imaging of magnetism via elastic scattering of
electron vortex beams.
To provide a more complete view of how the strength
of the magnetic effects in elastic scattering of electron
vortex beams depends on the various parameters consid-
ered here, the absolute value of the maximal magnetic
signal w.r.t. thickness and collection angle (restricted to
100 mrad) for the various acceleration voltages and con-
vergence angles have been plotted against l. The data has
been split up so that Fig. 6a) contains data with smaller
convergence angles of α = 6 − 15 mrad, which yields
larger sized beams, while Fig. 6b) contains data with
larger convergence angles of α = 30 − 60 mrad, which
yields smaller sized beams. In Fig. 6a) it can once again
be seen that larger beam sizes result in a close to linear
increase in the magnetic signal strengths with l. Further-
more, it can be seen that for a given l, smaller conver-
gence angles or smaller acceleration voltages, i.e. larger
spatial beam sizes, result in a stronger magnetic signal,
also in agreement with previous observations regarding
Fig. 5. In Fig. 6b) it is observed that, for the smaller
sized beams, there is a rather weak dependence in the
magnetic signal as function of l. For acceleration voltage
and convergence angle, on the other hand, it still appears
that smaller values, corresponding to wider beams, yield
stronger magnetic signals. As pointed out above, this
presents a difficulty for experiments aiming at very high
spatial resolution since the results presented here indi-
cate that the signal weakens for the smaller beam sizes
required for such experiments.
The largest OAM magnetic signals above 10−4 have
been observed for large OAM, small convergence an-
gles and low acceleration voltages. To further elaborate
on the feasibility to experimentally measure the mag-
netic signals, the thickness dependence of the relative
OAM magnetic signal, i.e. difference in intensity for op-
posite OAM divided by the sum, has been plotted for
Vacc = 100 kV, α = 6 mrad and l = ±10 in Fig. 7. The
collection angles for the disk shaped regions in the diffrac-
tion plane are indicated in the legend. For a small col-
lection angle the largest relative magnetic signal is above
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Figure 7: Thickness dependence of the relative OAM
magnetic signal for a beam with Vacc = 100 kV,
α = 6 mrad and l = ±10 in FePt.
10−3, compared to previous values reported just below
10−3 with l = ±3013. With larger values of the OAM
one can then expect relative magnetic signals in the or-
der of a percent or larger.
In order to look at the effect of magnetism in a solid
on electrons with different spin, for the case of l = 0,
calculations were performed for each of the spin polar-
izations, up and down, with respect to the z-direction.
Similar data as that above, which was presented for op-
posite values of l, can then be obtained for opposite spins
s to yield a spin magnetic signal. It has previously been
shown13 that similar effects of the same order of magni-
10
tude are obtained for s = ±1/2 as for l = ±1, which is
expected since the gyromagnetic factor for the electron is
equal to two. Fig. 8 shows spin magnetic signals in FePt
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Figure 8: Spin magnetic signal as function of thickness
and/or collection angle in FePt for various beam
parameters with l = 0.
as function of both thickness and collection angle in a)-
b), thickness dependence with fixed collection angles in
c) and dependence on collection angle with fixed thick-
ness of t = 50 u.c. in d)-e). Acceleration voltages Vacc
and convergence angles α are specified in captions and
legends. Fig. 8a displays the spin magnetic signal with
Vacc = 100 kV and α = 15 mrad as function of both thick-
ness and collection angle for a disk shaped region in the
diffraction plane and it reaches values of magnitude in the
order of 10−5, which is comparable to the OAM magnetic
signals seen with rather low OAM. As pointed out, this
is due to the value of two for the gyromagnetic ratio of
the electron. Fig. 8b contains the same type of data but
with a higher acceleration voltage of Vacc = 200 kV which
results in a moderately weaker signal, similarly as was ob-
served for the OAM magnetic signal. Fig. 8a also reveals
an oscillatory thickness behaviour in the spin magnetic
signal, which becomes somewhat more blurred out and
distorted at larger thickness, presumably because of the
deformation of the beam wave function as it propagates
through the sample. A somewhat similar thickness be-
haviour is seen in Fig. 8b, although more distorted. This
distortion might be because the beam with larger accel-
eration voltage is more focused and thus scatters more
strongly at an atomic column. The thickness dependence
for Vacc = 100 kV and α = 15 mrad is more clearly shown
in Fig. 8c, where an oscillatory behaviour with periodic-
ity of approximately 24 u.c., independent of collection
angle, is distinctly seen. Comparison with the intensity
for a given spin channel (not shown), indicates that this
behaviour could be related to Pendellösung oscillations.
Fig. 8d - 8e indicate similar results as those observed
in the case of the OAM magnetic signal, namely that a
stronger magnetic signal is obtained with low accelera-
tion voltages and small convergence angles. An appar-
ently contrary behavior is shown in Fig. 8e, where lower
magnetic signals are observed for Vacc = 100 kV than
for Vacc = 200 kV. This can, however, be understood by
looking at Fig. 8a or Fig. 8c, where t = 50 u.c. happens to
be a thickness where the spin magnetic signal is close to
zero independent of collection angle for these parameters.
When exploiting magnetic effects in electron scatter-
ing for novel high resolution imaging techniques to probe
magnetism in the electron microscope, it is highly de-
sirable to achieve atomic spatial resolution. In previous
calculations only very weak magnetic signals were visible
in the atomic resolution STEM simulations13. Hence,
a further investigation of the parameter space, as per-
formed here, to obtain better signals is of crucial impor-
tance. For atomic resolution STEM imaging, the param-
eters included in Fig. 6b), which yield small beam sizes,
are the most relevant. Out of these parameters, those
which yield the strongest magnetic effects appear to be
Vacc = 100 kV and α = 30 mrad. Hence, using these
parameters in combination with l = ±1, a set of calcu-
lations was performed at beam positions (x, y) = a8 (i, j)
for i, j = 0, 1, 2, 3, 4, i.e., a 5 × 5 grid covering a quar-
ter of the unit cell from which the remaining unit cell
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is reconstructed using the four-fold rotational symmetry.
The results of these calculations are shown in Fig. 9 for
different sample thicknesses in the range 10-60 unit cells
as indicated in the different rows and with varying collec-
tion angles as indicated in the different columns. Fig. 9a)
shows the total intensity for an l = +1 beam averaged
over spin channels (although the results for different spins
differ negligibly). Due to the symmetry aspects of elec-
tron vortex beams40, if neglecting the magnetic inter-
actions studied in this work, the images obtained with
l = −1 would be identical to that obtained by taking the
l = +1 image and applying a mirror symmetry operation
of the crystal (visually the image obtained is identical to
the mirror image of Fig. 9a) also with magnetism since
the magnetic scattering is relatively weak), whereas this
symmetry is broken by magnetism, which changes sign
with mirror operations. As has previously been pointed
out13, this means that an atomic resolution magnetic sig-
nal can be obtained by taking the difference between the
signal for a +l OAM beam at (x, y) and −l OAM beam
at (y, x), if mirroring at the y = x line belongs to the
crystal symmetries, as it is for L10 FePt with the c-axis
oriented along the propagation direction z. The mag-
netic image obtained from such a procedure is shown in
Fig. 9b). As one might expect, the strongest magnetic
signals are seen for beams located on top or near the Fe
atomic columns (at the corners of the unit cell). After 50
unit cells a magnetic signal of magnitude 10−5 is obtained
if using a collection angle of 8 mrad. Albeit small, this
is one order of magnitude larger than values previously
reported13. Nevertheless, atomic resolution imaging of
magnetism with the considered scheme will remain chal-
lenging unless further improvements can be made.
With spin polarized beams, a magnetic signal can be
obtained by taking the difference between spin up and
spin down beams at the same beam position, without
considering mirror operations. Such images, obtained by
taking a difference over spin channels for fixed l = +1,
are shown in Fig. 9. As for the case of OAM magnetic
signal, the strongest magnetic signals have a tendency to
be localized around the Fe columns. At a thickness of
50 or 60 unit cells and with a collection angle of 6 or 8
mrad, a reasonable signal is also seen for beams exactly
on the Pt column. This might be related to the very
localized spin density and corresponding Bz observed at
c/2 in Fig. 2.
B. FePt with Magnetization Perpendicular to the
Propagation Direction
In the calculations presented thus far as well as in pre-
vious work13, the magnetization of the sample, the beam
propagation direction as well as the OAM and spin quan-
tization axis were parallel. Such a setup is expected to
increase magnetic effects as it makes L ·B or S ·B large.
However, other magnetic effects such as spin flip pro-
cesses might be enhanced in a setup where the sample
magnetization is perpendicular to the spin quantization
axis, as has been suggested before22 and can also be seen
in Eq. 12 by noting that the only off-diagonal terms are
proportional to the x- and y-components of the magnetic
field. In this section we explore this effect by performing
simulations for an FePt sample which has been rotated,
while keeping the spin quantization axis parallel to the
propagation direction. Since FePt is a very hard magnet
with easy magnetization axis along the c-direction, both
the crystal axis and the magnetization direction were ro-
tated, resulting in an a× c×a unit cell, which was, how-
ever, still discretized on a 64× 64× 32 grid.
Calculations have been performed with Vacc = 100 kV,
convergence angle 15 mrad and l = ±10 and the results
are summarized in Fig. 10. Fig. 10a) shows the OAM
magnetic signal as function of thickness and collection
angle. This signal is significantly weaker than that ob-
served in the previous section as one would expect when
the magnetic field is mainly perpendicular to the OAM,
but nevertheless reaches magnitudes of order 10−6 for
certain thicknesses and collection angles. Fig. 10b) shows
the proportion of spin down electrons in the initially com-
pletely spin up polarized beam, as a function of sam-
ple thickness. Within the thicknesses studied this is a
monotonically increasing function and it reaches approx-
imately 10−8 after 80 nm ≈ 300 u.c. Albeit being a very
small fraction of the electrons, this is several orders of
magnitude more than was seen for magnetizations paral-
lel to spin polarization where less than 10−12 of the ma-
jority spin states scattered into minority spin states, in
agreement with the expectations mentioned above. The
inset shows a close up of the region around 40 nm and
allows one to see a regular step-like behaviour with peri-
odicity somewhat less than one third of a nanometer, i.e.
corresponding to one unit cell with thickness 0.271 nm.
Fig. 10c) illustrates the rotation of the spin of the beam
as function of thickness in terms of the polar and az-
imuthal angles θ and φ describing the direction of the
spin expectation value, 〈S〉, relative to the sample and
propagation direction. The polar angle θ reaches values
in the order of 10−4 within the thicknesses studied while
the azimuthal angle φ is of similar size for very small
thicknesses but remains at least one or two orders of mag-
nitude smaller than θ for larger thicknesses. The inset
shows a close up for small thicknesses and displays clear
oscillations in φ with periodicity of the lattice, which can
be understood as the variation of φ should be mainly due
to interactions of the beam with the non-uniform part of
the magnetic field (Bp). For comparison, the angle
θ˜ = 2mµ0MsµB
~2k
t, (33)
expected for a spin in a homogeneous magnetic field ac-
cording to Eq. 21, is shown. t denotes thickness, i.e., the
z coordinate. The angles θ and θ˜ are similar, especially
for small thicknesses up to about 2 nm, after which θ is
somewhat enhanced compared to θ˜.
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Figure 9: Simulated STEM images over one unit cell of FePt for an electron probe with Vacc = 100 kV, α = 30 mrad
and l = ±1. Different rows show different sample thicknesses while different columns show different maximum
semi-angles for the disk shaped collection region. a) Total intensity for a l + 1 beam averaged over spin channels b)
magnetic signal obtained as difference between l = +1 and l = −1 probes after mirroring in the y = x line c)
magnetic signal as obtained for a fixed l = +1 and by taking a difference between spin channels.
C. AFM LaMnAsO
In an antiferromagnetic (AFM) compound such as
LaMnAsO, the saturation magnetization is zero and con-
sequently the volume average of the magnetic field is also
zero, Bavg = µ0M = 0. In this case there is no reason
to expect any proportionality between the magnetic sig-
nal and OAM, for nanometer sized beams. Instead one
can expect that a large OAM and correspondingly large
spatial extent of the beam, for a given convergence an-
gle, results in a vanishingly small magnetic signal as the
beam size grows significantly beyond the dimensions of
one unit cell. This is confirmed in Fig. 11, which illus-
trates the magnetic signal for various values of the initial
OAM l, with convergence angle α = 30 mrad and ac-
celeration voltage Vacc = 100 kV, after the beam passes
through 20 u.c. of LaMnAsO with each unit cell dis-
cretized on a 64× 64× 64 grid. These beams have initial
widths (calculated as the diameter of the ring with max-
imum intensity) increasing with l and ranging from 0.6
Å, a fraction of an atomic distance, to 22 Å, well above
atomic distances. The beam with l = 10 has a diameter
of 5 Å, i.e. slightly more than the in-plane lattice param-
eter. Reasonably large magnetic signals can be observed
with l ≤ 10, while it becomes notably reduced for larger
values, when the beam widths increase significantly be-
yond the size of one unit cell.
Since an AFM has a vanishing saturation magnetiza-
tion and the magnetic scattering of electron vortex beams
cannot be enhanced by using large OAM beams, these
materials should mainly be of interest if atomic resolution
imaging can be performed. Hence, an atomic resolution
STEM simulation has been done with the same param-
eters as was used in the FePt case, i.e. Vacc = 100 kV,
α = 30 mrad and l = ±1. One unit cell was discretized on
a 16× 16 grid and calculations were performed for beam
positions over one half of the unit cell. For FePt the mir-
ror operation in the y = x line was a symmetry operation
of the crystal and this was used to obtain a magnetic sig-
nal by taking differences in intensity between opposite
OAM beams for mirror points. For the LaMnAsO crys-
tal structure illustrated in Fig. 1b), a mirroring in y = x
is not a symmetry operation of the crystal, whereas mir-
roring in y = 0 (as well as x = 0) is, whereby such mirror
points were used to create a magnetic signal from oppo-
site OAM beams, with the result shown in Fig. 12b). The
strength of this magnetic signal is of similar size as that
observed in the case of FePt, although slightly stronger
maximum signals were observed for FePt. As one would
expect there is signal of different sign at the corner Mn
atom with spin up and the central spin down Mn atom.
Furthermore, it can be noted that essentially no mag-
netic signal is seen at the other atomic columns contain-
ing atoms around which the spin density is two orders
of magnitude smaller (Fig. 3). Fig. 12c) shows the spin
magnetic signal, obtained as difference between opposite
spin channels for fixed OAM of l = +1, at a given beam
position. Again this is of similar order of magnitude as
the magnetic signal seen in Fig.12b), indicating that it
13
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Figure 10: Simulations of l = ±10 vortex beams with
100 keV, 15 mrad convergence angle and spin
polarization in the propagation direction for FePt with
magnetization perpendicular to the propagation
direction.
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Figure 11: Magnetic signal as a function of collection
angle for α = 30 mrad, Vacc = 100 kV and various values
of l after the beam passes through 20 u.c. of LaMnAsO.
might be easier to use spin polarization than electron
vortex beams for STEM imaging of magnetism in the
atomic resolution, if spin polarized beams and detectors
can be made available, as it does not require compari-
son between measurements at different beam positions.
For some of the larger thicknesses and smaller collection
angles, "doughnut" shapes characteristic to vortex beams
are seen around the Mn columns, similarly to the shapes
observed also in Fig.12a), most likely related to the radial
shape of the electron vortex beams.
D. Phase aberrated beams
It was recently suggested16 that electron vortex beams
are merely a special case of a wider class of beams with
non-trivial phase distributions and that magnetism can
be observed in EMCD experiments using phase aber-
rated electron beams. Such beams are readily available
in modern aberration corrected electron microscopes and
their creation was recently discussed17 and experimen-
tally demonstrated18. Motivated by this, the magnetic
interaction between a phase aberrated beam and a mag-
netic sample in the elastic scattering regime is investi-
gated in this section, in order to see whether such beams
are potentially useful in imaging magnetic materials also
in elastic scattering experiments. Phase aberrated elec-
tron beams have a phase distribution described by an
aberration function17,41
χ(k⊥, φk) =
2pi
λ
∑
n,m
θn+1
n+ 1
[
Can,m cos(mφk)+
Cbn,m sin(mφk)
]
, (34)
where n is a non-negative integer, which denotes the
order of the aberration and the non-negative integer
m = n + 1, n − 1, n − 3, ... denotes the order of the ro-
tational symmetry of the aberration. θ = arctan(k⊥/kz)
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Figure 12: Simulated STEM images over a unit cell of FePt for an electron probe with Vacc = 100 kV, α = 30 mrad
and l = ±1. Different rows show different sample thicknesses while different columns show different maximum
semi-angles for the disk shaped collection region. a) Total intensity for a l + 1 beam averaged over spin channels b)
magnetic signal obtained as difference between l = +1 and l = −1 probes after mirroring in the y = 0 line c)
magnetic signal as obtained for a fixed l = +1 and by taking a difference between spin channels.
is the axial angle, while φk = arctan(ky/kx) is the az-
imuthal angle, as in Eq. 32. The idea behind using aber-
rated electron beams to observe magnetism is that a mag-
netic signal should be obtained by comparing a beam
with +Cin,m aberration, where i = a or b, to one with
−Cin,m aberration, e.g. by looking at the intensity dif-
ference in a disk shaped region in the diffraction plane,
similarly as done with electron vortex or spin polarized
beams in other sections of this work. For this to yield a
magnetic signal requires that the mirror symmetry oper-
ations of the crystal map the +Cin,m term onto −Cin,m.
Changing the sign of the aberration is then equivalent
to a mirror operation of the crystal, which leaves every-
thing invariant except magnetism, which changes sign.
It is also important that the rotational symmetry opera-
tions of the crystal do not map +Cin,m to −Cin,m since the
magnetic signal is then expected to be zero. It can also
be noted that the expectation value of the OAM opera-
tor w.r.t. a beam with a phase distribution such as that
described by Eq. 34 is zero. Based on Eq. 19 one would
therefore not expect a magnetic signal from large beams
interacting mainly with the uniform part of the magnetic
field, but mainly from atomic resolution electron beams
where the phase distribution can locally couple to the
microscopic magnetic field in the sample.
Calculations with aberrated electron probes have been
performed for the ferromagnetic FePt crystal for which
C4v is a subgroup of the crystallographic point group.
Similarly as in the case of EMCD17, the lowest order
aberration expected to be useful in observing magnetism
is then Cb34 (i.e. four-fold astigmatism). For a beam
with 100 keV, convergence angle α = 30 mrad and
the lattice parameters of FePt, it has been shown that
Cb3,4 = ±14 µm is useful for observing magnetism in
EMCD17, whereby the same value is attempted here.
The magnetic signal obtained from the intensity differ-
ence of opposite value Cb3,4-aberrations as function of
thickness and collection angle is illustrated in Fig. 13.
The maximum values of the magnetic signal is of order
10−5, which is similar to what was found both in the spin
magnetic signal and in the OAMmagnetic signal with low
values of l. This indicates that aberrated electron beams
are potentially useful in observing magnetism in elastic
scattering experiments in a similar way that spin polar-
ized or vortex beams can be. The possible advantage
of aberrated beams is that aberration modification tech-
nology is more readily available than spin polarization
or vortex beam generation technology. Moreover, there
is no implicit intensity loss due to Fresnel zone plates
or magnetic needles required for producing vortex beam,
when employing aberrated beams.
E. Noise and error analysis
In the preceding sections it has been shown that mag-
netic signals result from the elastic scattering of electrons
with angular momentum or phase aberrations as they
scatter through magnetic matter. The signals discussed
have, however, been found to be weak. In order to esti-
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Figure 13: Magnetic signal obtained as intensity
difference for opposite aberration values of an electron
probe with aberration of ±C3,4b. The results shown are
for a beam with Vacc = 100 kV and α = 30 mrad.
mate the feasibility of experimental observations of the
discussed phenomena, it is therefore crucial to consider
the effect of statistical noise as well as systematic errors,
as is done in this section.
Firstly, regardless the precision of experimental equip-
ment, statistical noise in the form of Poisson (i.e. shot)
noise must be taken into account. To provide an idea of
the acquisition times required, a beam current of 100 pA
together with either a large OAM beam with l = ±10,
convergence angle of 6 mrad and 100 keV (see Fig. 7) or a
small OAM atomic resolution case of l = ±1, convergence
angle of 30 mrad and 100 keV (see Fig. 9) is considered.
In the large OAM case, considering a 6 mrad collection
angle and sample thickness of 54 u.c., the magnitude of
the magnetic signal is 10−4, whereby the acquisition time
required to obtain a signal-to-noise ratio (SNR) of 3 is
144 µs. For the small OAM case, the largest magnitude
magnetic signal, out of the conditions shown in Fig. 9,
is obtained with a collection angle of 8 mrad and sample
thickness of 50 u.c., where it is approximately 10−5. The
acquisition time needed for a SNR of 3 is then 1.44 ms.
Any experimental setup will suffer from some degree
of mechanical noise due to for example vibrations, drift
or tilt of the sample and the effect of this will now be ad-
dressed for the same large and small OAM cases as above.
Together with the required acquisition times stated above
an idea of the experimental feasibility can then be ob-
tained. Firstly, drift is considered by performing calcula-
tions for beam positions ranging from zero to five steps,
in the x-direction, in units of the smallest grid spacing,
i.e. a64 = 4.23 pm so the biggest shift is 21 pm from an Fe
atomic column, which corresponds to realistic scanning
distortions in STEM experiments. The result of such cal-
culations is shown in Fig. 14 with OAM magnetic signal
as a function of collection angle for the two sets of beam
parameters in a) and b) respectively and various beam
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Figure 14: OAM magnetic signals at a given beam
position for two sets of beam parameters and various
small beam shifts.
shifts indicated in the legend, after 50 unit cells of FePt.
Clearly the considered shifts are of no relevance for the
large OAM case whereas a small quantitative change is
observed for the small OAM case. This change should,
however, only yield a small quantitative error and me-
chanical drift in the considered range should not present
a significant problem, neither in the large nor small OAM
case.
The data presented in Fig. 14 assumed that the sig-
nals for positive and negative OAM beams were collected
for identical beam positions, which might be difficult to
achieve in experiments. Hence, in Fig. 15 similar data is
presented for the small OAM case except that the mag-
netic signal is obtained as the difference in intensity for
a shifted positive OAM beam and a non-shifted negative
OAM beam. Here it can be seen that a shift of 0.04 Å is
already enough for a difference that is much greater than
the magnetic signal to appear. In the large OAM case
(not shown), however, the data is visually identical to
that in Fig. 14a). Hence, drift noise should not present
a problem for large beams with spatial dimensions well
above the interatomic distances while it might present a
16
problem for atomic resolution measurements if positive
and negative OAM beams are measured at slightly dif-
ferent beam positions.
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Figure 15: OAM magnetic signal from a positive OAM
that has been shifted by a given amount and a negative
OAM beam at the Fe atomic column, with l = ±1,
30 mrad and 100 keV.
Next, tilt is considered by shifting the origin of the
Fourier transform of the initial beam by (∆kx,∆ky),
which yields a tilt of approximately ∆kx/k and ∆ky/k
radians around the y and x-axes respectively. The small-
est tilt possible for a 100 keV beam and a system size
of 60 × 60 unit cells in the xy-plane is then 0.34 mrad,
corresponding to a realistic misalignment in STEM ex-
periments.. The result of calculations for the large OAM
beam after passing through 50 unit cells of FePt is con-
tained in Fig. 16, with the OAMmagnetic signal obtained
either from the difference of positive and negative OAM
beams with the same tilt in a) or with a positive OAM
beam with tilt and a negative OAM beam with no tilt in
b). If the tilt is the same for both beams, it does not ap-
pear to have a significant effect on the magnetic signal in
this case, whereas if the tilt is different for the two beams,
0.34 mrad is enough to cause a difference significantly
greater than the magnetic signal. Hence, sample tilt is
expected to be problematic for large OAM beams only
if the diffraction pattern for opposite OAM beams are
acquired for different tilt angles. In the case of the small
OAM beam (not shown), a large error is caused by the
0.34 mrad tilt also if measurements for both beams are
done at the same tilt. Atomic resolution measurements
would hence require extremely high precision mechanics
in the experimental setup.
IV. SUMMARY AND CONCLUSIONS
A comprehensive computational study has been pre-
sented regarding magnetic effects in the paraxial regime
of elastic electron scattering in magnetic crystals. This
has been done using recently implemented methods13 to
provide a realistic description of the coupling between
a highly energetic electron beam, such as that used in
transmission electron microscopy, with magnetism in a
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Figure 16: Effect of tilt on the OAM magnetic signal as
function of collection angle for a beam with l = ±10,
6 mrad and 100 keV after passing through 50 unit cells
of FePt.
solid. Such effects are especially interesting in the con-
text of high resolution TEM imaging of magnetism. In
particular three ways of obtaining a magnetic signal have
been considered: electron vortex beams, spin polarized
beams or beams with phase aberrations. In all three
cases a magnetic signal is obtainable by taking a differ-
ence in radial intensity distributions for beams with op-
posite sign angular momentum or aberration coefficients.
This potentially allows for three different novel methods
of imaging magnetism in a transmission electron micro-
scope in a relatively simple experimental setup compared
to EELS experiments such as EMCD. Two of the sug-
gested methods were already discussed in recent work13,
where large OAM vortex beams was pointed out as the
most feasible method, which unfortunately restricts the
spatial resolution, while atomic resolution measurements
with small OAM or spin polarized beams were deemed
technically very challenging if not impossible. The more
comprehensive computational study presented here indi-
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cates significantly stronger magnetic signals, increased by
one or two orders of magnitude both for large and small
OAM beams, for certain beam parameters, compared the
previous work. Specifically it appears promising to use
relatively low acceleration voltages and convergence an-
gles, unfortunately again setting restrictions to spatial
resolutions. In addition to vortex beams and spin polar-
ization, the new effect of a magnetic signal from elastic
scattering of phase aberrated electron beams has been
demonstrated. This effect is of similar order of magni-
tude as that obtained with low OAM vortex beams and
thus deemed possible but challenging to detect experi-
mentally. Considering continuous technological improve-
ments related to electron vortex beams6–8,14,27,42,43, spin
polarization technology15 and aberration correctors41,44,
the present work will hopefully stimulate various exper-
imental efforts to detect magnetism based on the sug-
gested effects. An analysis of errors due to, e.g., sample
drift and tilt suggests again that it will be very chal-
lenging to perform atomic resolution measurements while
nanometer resolution measurements are expected to be
more feasible.
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Appendix A: Magnetic field and vector potential of
a periodic system
The magnetic field B should fulfill Maxwell’s equations
∇ ·B(r) = 0, ∇×B(r) = µ0J(r), (A1)
where J is the current density, together with physical
boundary conditions. In the case of periodic boundary
conditions one more constraint, e.g. specifying B at a
given point or its volume average, is necessary and suf-
ficient for a unique solution to exist29. Similarly, any
periodic B can be decomposed into a periodic part with
volume average zero Bp and a uniform part Bavg corre-
sponding to the volume average of B, as discussed also
in Sec. IID of this paper. Such a periodic B is suitable
to Fourier transform according to
B(r) =
∫
BZ
b(k)eik·rdk, (A2)
with integration over the Brillouin zone (BZ), so that
Eqs. A1 read
k · b(k) = 0, ik× b(k) = µ0j(k), (A3)
where b(0) corresponds to the volume average of B(r),
j(k) is the Fourier transform of J(r), and it was assumed
that J(r) was also periodic with a zero volume average,
i.e. j(0) = 0 (otherwise Eqs. A3 cannot be fulfilled).
The vector potential A(r) should fulfill the defining
equation B = ∇ × A together with some gauge choice,
rather than physical boundary conditions such as period-
icity. If, nevertheless, one assumes that A(r) is periodic,
its Fourier transform a(k) must fulfill ik× a(k) = b(k),
which clearly can only be fulfilled in the case that b(0) =
0, i.e. if the volume average of B(r) is zero. As has been
pointed out before45, this leads to the conclusion that a
periodic vector potential is only possible to construct in
the case that the volume average of the magnetic field
is zero. With respect to the division of the magnetic
field according to B = Bp + Bavg, this corresponds to
Bavg = 0. However, by doing a corresponding decom-
position of the vector potential into a periodic part Ap
and a non-periodic part Anp, as done in this paper, and
relating
Bp = ∇×Ap, Bavg = ∇×Anp, (A4)
it is clear from the above arguments that Ap can be
chosen to be periodic whereas Anp necessarily is non-
periodic for non-zero Bavg. In Coulomb gauge one ob-
tains Anp = 12Bavg × r, possibly with the addition of an
arbitrary constant, as mentioned in Sec. IID.
The impossibility of relating a periodic vector potential
to a non-zero, uniform magnetic field can also be seen
by considering the line integral of such a periodic Ap
along a closed path γ around a parallelogram of lattice
vectors45. Such integral is zero due to contributions of
equal magnitude but opposite sign from opposing sides
of the parallelogram, whereby∮
γ
Ap · dr =
∫
S
B · dS = 0 (A5)
for any surface S with boundary γ. The only uniform B
which can fulfill this is B = 0.
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